In human populations, cigarettes and alcohol generally serve as gateway drugs, which people use first before progressing to marijuana, cocaine, or other illicit substances. To understand the biological basis of the gateway sequence of drug use, we developed an animal model in mice and used it to study the effects of nicotine on subsequent responses to cocaine. We found that pretreatment of mice with nicotine increased the response to cocaine, as assessed by addiction-related behaviors and synaptic plasticity in the striatum, a brain region critical for addiction-related reward. Locomotor sensitization was increased by 98%, conditioned place preference was increased by 78%, and cocaine-induced reduction in long-term potentiation (LTP) was enhanced by 24%. The responses to cocaine were altered only when nicotine was administered first, and nicotine and cocaine were then administered concurrently. Reversing the order of drug administration was ineffective; cocaine had no effect on nicotine-induced behaviors and synaptic plasticity. Nicotine primed the response to cocaine by enhancing its ability to induce transcriptional activation of the FosB gene through inhibition of histone deacetylase, which caused global histone acetylation in the striatum. We tested this conclusion further and found that a histone deacetylase inhibitor simulated the actions of nicotine by priming the response to cocaine and enhancing FosB gene expression and LTP depression in the nucleus accumbens. Conversely, in a genetic mouse model characterized by reduced histone acetylation, the effects of cocaine on LTP were diminished. We achieved a similar effect by infusing a low dose of theophylline, an activator of histone deacetylase, into the nucleus accumbens. These results from mice prompted an analysis of epidemiological data, which indicated that most cocaine users initiate cocaine use after the onset of smoking and while actively still smoking, and that initiating cocaine use after smoking increases the risk of becoming dependent on cocaine, consistent with our data from mice. If our findings in mice apply to humans, a decrease in smoking rates in young people would be expected to lead to a decrease in cocaine addiction.
INTRODUCTION
In the general population of the United States and other Western societies, there is a well-defined sequence of drug usage in which the use of tobacco or alcohol precedes the use of marijuana, which in turn precedes the use of cocaine and other illicit drugs (1) (2) (3) . For example, in 2009 in the United States (4), among adults aged 18 to 34 who had used cocaine at least once, 90.4% had smoked cigarettes before they began to use cocaine, 4.7% began using both drugs at the same age, 2.4% used cocaine first, and 2.5% had never smoked. Epidemiological studies have established the sequence of use of dif-ferent substances and specified their association, but these studies cannot establish cause and effect nor identify the underlying cellular and molecular mechanisms.
To address how gateway drugs exert their effects, we developed an animal model in mice to explore the gateway sequence of drug use at behavioral, electrophysiological, and molecular genetic levels. In mice, one can readily control the order in which drugs are taken so that the order is the only determinant of outcome; other factors, such as the relative availability of substances, which may be important in human populations, are then irrelevant. We first tested mice behaviorally to examine how sequential administration of nicotine and cocaine alters locomotor sensitization and conditioned place preference (CPP), two addiction-related behaviors that are modulated by drugs of abuse largely through effects on the striatum, where most drugs of abuse exert their addictive effects (5) (6) (7) . The nucleus accumbens (NAc) in the ventral striatum is critical for reward and addiction and is a site of convergence and integration of rewarding input from dopaminergic neurons in the ventral tegmental area (VTA) and glutamatergic input from the amygdala and the prefrontal cortex. The core of the NAc is made up primarily of GABAergic inhibitory spiny neurons. The NAc sends inhibitory feedback to the dopaminergic cells of the VTA. Reduction of excitatory input to the NAc is thought to decrease inhibitory output from the NAc to the VTA and thereby contribute, through disinhibition, to the increased reward and enhanced locomotion activation observed after cocaine administration (8) .
We used sequential drug administration to examine three physiological and molecular markers of the priming effects of nicotine on cocaine and of cocaine on nicotine in the NAc of the striatum: synaptic plasticity, transcription of FosB, an immediate response gene implicated in addiction to many drugs of abuse and in the response to other rewarding stimuli, and histone acetylation in chromatin.
The molecular pathways involved in addiction share some of the same molecular logic and even some of the same molecular steps encountered in long-term memory storage (9) (10) (11) . In snails, flies, and mice, long-term memory storage depends on modifications of chromatin structure and the consequent activation of a downstream cascade of gene expression initiated by CREB [cyclic adenosine 3′,5′-monophosphate (cAMP) response element-binding protein]. This cascade is dependent upon the acetylation of histone tails by the CREB-binding protein (CBP), a histone acetyl transferase (HAT) (14) resulting in the growth of new synaptic connections (9) (10) (11) (12) (13) 15) . The addiction process is also mediated through histone acetylation of the promoter of the transcription factor DFosB. Accumulation of this transcription factor is a crucial step in the establishment of addiction to most drugs of abuse and has been used as a molecular marker for these processes. We hypothesized that nicotine may exert a priming effect in the gateway sequence of drug use by increasing FosB gene expression in response to cocaine through increased histone acetylation (16) . Such alteration would enhance the response to succeeding stimulation with cocaine by increasing access of transcription factors to the promoters of certain genes, for example, FosB.
RESULTS

Chronic pretreatment with nicotine increases behavioral responses to cocaine
We developed a behavioral paradigm to examine the interaction between drugs by sequentially administering nicotine and cocaine to C57BL/6J mice and examining locomotor sensitization ( Fig. 1 , A to C) and CPP ( Fig. 1D ), two widely used behavioral correlates of addictive behavior (17) (18) (19) (20) (21) (22) .
Locomotor sensitization is a robust and readily assayed effect of psychostimulants. It measures the animal's gradually increasing behavioral and motivational response to a fixed drug dose, assayed as an increase in locomotor activity (23) . Sensitization is very long lasting and is thought to result from long-term plastic changes in the striatum. We treated mice with nicotine (50 mg/ml) in the drinking water for either 24 hours ( Fig. 1A ) or 7 days ( Fig. 1B ). For the subsequent 4 days, mice were treated with a single cocaine injection per day (20 mg/kg), with continued exposure to nicotine in the drinking water. Mice treated with nicotine (50 mg/ml) showed the same levels of locomotion (that is, no increase in locomotion compared to day 1) as water controls. Mice treated only with cocaine showed a 58% increase in locomotion (sensitization) compared with controls (from 1.17 ± 0.06 to 1.85 ± 0.12, P < 0.05). Mice treated with nicotine for 7 days followed by cocaine showed a significant enhancement of 98% in locomotor activity compared with mice treated with cocaine alone (from 1.85 ± 0.12 to 3.67 ± 0.64, P < 0.05) ( Fig. 1B) . By contrast, mice pretreated for only 1 day with nicotine showed no increase in locomotor response to cocaine administered for the next 4 days above that caused by cocaine treatment alone ( Fig. 1A ).
There was also no increase in the locomotor response when the protocol was reversed, and mice were pretreated with cocaine for 7 days followed by concurrent cocaine and nicotine administration for 4 days (Fig. 1C ). CPP is a more naturalistic model of addictive behavior than sensitization. CPP measures an animal's preference for a particular place in its environment, which develops as that place becomes consistently associated with a rewarding stimulus and assumes some of the rewarding effects of the stimulus (cocaine). We compared CPP in mice treated with nicotine in the drinking water (50 mg/ml) for 7 days and then 4 days of cocaine with mice exposed to cocaine alone for 7 days. Cocaine alone increased place preference by 223% compared with saline control (from 76.47 ± 4.18 to 247.1 ± 52.9 s, P < 0.05) ( Fig. 1D ). As with sensitization, mice pretreated with nicotine showed a 78% further increase in preference for the cocaine-coupled chamber compared with mice treated only with cocaine, with no previous exposure to nicotine (from 247.1 ± 52.9 to 441.2 ± 64.7 s, P < 0.05) ( Fig. 1D ).
Nicotine priming enhances the depression of long-term synaptic potentiation induced by cocaine
We next explored the consequences of sequential drug administration for reward-related synaptic plasticity by examining long-term potentiation (LTP) in the core of the NAc in the ventral striatum. As noted above, the NAc plays a critical role in addiction. To simulate the sequential drug administration conditions of the behavioral experiments, we treated the mice with nicotine in water (10 mg/ml) for 7 days and administered cocaine (30 mg/kg) on the eighth day, 10 min before the mice were killed. In brain slices taken from the striatum, we measured LTP in the excitatory synapses (in the cortico-accumbens pathway) in the NAc core ( Fig. 2A ), known to be reduced in response to chronic cocaine administration (23) . This reduction presumably disinhibits the dopaminergic cells of the VTA, which enhances reward. Similarly, we found a reduction in LTP after a single cocaine injection. This reduction in LTP was markedly enhanced by pretreatment of mice with nicotine for 7 days. The reduction started immediately after the high-frequency stimulation (HFS) and persisted for up to 180 min compared with cocaine alone (control, 129 ± 6%; cocaine alone, 112 ± 5%; 7 days of nicotine + cocaine, 88 ± 6%; P < 0.05 compared with cocaine alone; Fig. 2 , B and C). Nicotine alone did not produce significant changes in LTP (7 days of nicotine, 137 ± 7%). Treatment with cocaine alone for 7 days or cocaine treatment for 7 days followed by 24 hours of nicotine treatment did not alter LTP (7 days of cocaine, 137 ± 7%; 7 days of cocaine followed by 24 hours of nicotine, 138 ± 4%; Fig. 2C ). Thus, as in the behavioral experiments, the cocaine-induced synaptic plasticity (decreased LTP) in the NAc is enhanced after priming with nicotine, suggesting that the disinhibition of VTA and, consequently, the rewarding properties of cocaine are increased by nicotine priming. 
FosB expression is increased by sequential drug administration
Because an important step in the molecular sequence leading to the expression of the addictive phenotype in mice is increased FosB expression in the striatum (24), we asked whether the nicotine-induced enhancements of sensitization, CPP, and reduction in LTP in response to cocaine correlated with changes in FosB expression in the striatum. Using real-time reverse transcription-polymerase chain reaction (PCR) to measure FosB RNA levels, we found that both 24 hours and 7 days of administration of nicotine (10 mg/mg) in the drinking water caused 50 and 61% increases in FosB expression (control set at 1.0, increase of 1.50 ± 0.22 after 24 hours of nicotine, and 1.61 ± 0.16 after 7 days of nicotine; P < 0.05; Fig. 2 , D and E). We then administered a single cocaine (30 mg/kg) injection after 7 days of pretreatment with nicotine and observed a further 74% increase in FosB expression compared with mice treated with cocaine alone without previous exposure to nicotine (cocaine alone, 3.5 ± 0.69; 7 days of nicotine followed by cocaine, 6.12 ± 0.8; P < 0.05; Fig. 2E ). As in the behavioral and physiological experiments, 24 hours of nicotine pretreatment produced quite different results from the 7-day treatment and did not lead to an increased FosB response to cocaine (Fig. 2D ). The fact that 7 days but not 24 hours of nicotine pre-exposure increased FosB response to cocaine suggested that the effect of longterm nicotine treatment on cocaine response is not merely a result of the short-term interaction between the acute effects of the two drugs but rather a metaplastic effect: Chronic nicotine administration produces changes in gene expression in the brain so that, after nicotine, the brain responds differently to cocaine with respect to longterm synaptic changes.
Cocaine treatment does not enhance FosB expression induced by nicotine
We next asked whether the effect of nicotine on gene expression was also unidirectional; that is, does nicotine pretreatment followed by cocaine increase the response to cocaine, whereas the reverse order of drug treatment does not? To address this question, we gave cocaine (30 mg/kg) in two protocols: for 24 hours or 7 consecutive days followed by 24 hours of treatment with nicotine. We found that 7 days of cocaine treatment blunted rather than amplified the effect of nicotine on FosB expression in the striatum when compared to the response to nicotine alone. The increase in FosB expression seen after nicotine treatment alone was not seen when nicotine administration followed either single injection or 7-day cocaine pretreatment ( Fig. 2 , F and G). The effects on FosB expression are unidirectional; nicotine primes the cocaine response, but cocaine does not prime the nicotine response.
Chronic nicotine induces hyperacetylation of histones H3 and H4 at the FosB promoter Cocaine treatment causes alterations in chromatin structure in the striatum: An acute cocaine injection increases acetylation of histone H4 but not H3 at the FosB promoter (14, 15) . We therefore asked whether nicotine enhances FosB expression in the striatum by altering chromatin structure at the FosB promoter and, if so, does it magnify the effect of cocaine? In principle, nicotine-induced histone modifications could open chromatin structure, creating a permissive environment for gene transcription that could enhance the expression of FosB in response to subsequent administration of cocaine. We therefore examined acetylation of both histone H3 and H4 locally at the FosB promoter. We found that, after 7 days of nicotine treatment (10 mg/ml), acetylation of both histone H3 and histone H4 was increased by 34 and 39%, respectively (control set at 1.0; 7 days of nicotine AcH3, 1.34 ± 0.06; 7 days of nicotine AcH4, 1.40 ± 0.24; P < 0.05; Fig. 3, A and B) . By contrast, cocaine alone increased acetylation of histone H4 (by 44%) (control set at 1.0; cocaine alone AcH4, 1.44 ± 0.14; P < 0.05) but not of histone H3. Moreover, a single injection of cocaine (30 mg/kg) administered after 7 days of nicotine treatment did not increase acetylation of histone H4 further. The finding that nicotine causes acetylation of both H4 and H3 lysine residues suggests that nicotine may enhance the action of cocaine on FosB expression in the striatum by acetylating a wider range of histone lysine residues than cocaine. Broad acetylation in promoter regions is often associated with a cumulative effect that leads to increased transcription and is correlated with an increase in the total number of lysine residues that are acetylated in the histone N-terminal tails of different promoters (25) .
Seven-day nicotine treatment increases histone H3 and H4 acetylation at promoters in the striatum The ability of nicotine to produce robust acetylation at the FosB promoter suggested that nicotine-induced enhancement of acetylation could be occurring not only locally, at the FosB promoter, but more widely at the promoters of other genes expressed in the striatum. To explore this idea, we used immunoblotting and examined the extent of chromatin modifications in the whole striatum of mice chronically treated with nicotine. We found that 7 days of nicotine treatment (10 mg/ml) increased histone H3 and H4 acetylation by 32 and 61% in the whole striatum, compared with controls treated with water, much as it did at the FosB promoter (control set at 1.0; AcH3, 1.32 ± 0.02; AcH4, 1.61 ± 0.01; P < 0.05; Fig. 3 , C and D). By contrast, 7 days of cocaine (30 mg/kg) administration by itself produced no increase in acetylation of histone H3 and H4 in the whole striatum, measured 24 hours after the last cocaine administration (Fig. 3, E 
and F).
Seven days of nicotine treatment reduces histone deacetylase activity in the striatum Does the hyperacetylation produced by nicotine result from activation of one or more acetylases or from the inhibition of deacetylases? To address this question, we assayed histone deacetylase (HDAC) activity directly in the nuclear fraction of cells in the striatum. We found that there was a 28% reduction in HDAC of mice treated for 7 to 10 days with nicotine (10 mg/ml) (control set at 100%; nicotine, 72 ± 6.0%; P < 0.05; Fig. 4A ). When we reversed the order of drug administration and treated the mice with cocaine (30 mg/kg) for 7 days, we found no decrease in HDAC activity in the nuclear fraction (Fig. 4B) . Thus, the increase in histone acetylation after nicotine treatment seems to result from reduced HDAC activity in the striatum. These results suggest that nicotine affects histone acetylation by inhibiting HDAC activity.
An HDAC inhibitor mimics the action of nicotine in enhancing cocaine responses
As an independent test of the finding that nicotine produces its effect on cocaine responses by inhibiting HDACs, we asked whether we could simulate the effect of nicotine by specifically inhibiting deacetylases with the HDAC inhibitor suberoylanilide hydroxamine acid (SAHA). We administered SAHA (25 mg/kg intraperitoneally), instead of nicotine, 2 hours before cocaine treatment (30 mg/kg) and observed a 71% increase in FosB expression in the pretreated mice compared to Fig. 4 . Nicotine inhibits HDAC activity and its effects are mimicked by an HDAC inhibitor. (A and B) In the nuclear fraction, an HDAC activity assay that detects deacetylation of lysine residues was performed in mice treated with nicotine (10 mg/ml) for 7 to 10 days (A) and cocaine (30 mg/kg) for 7 days (B) (n = 5 to 7 in each group). Data represent means ± SEM. (C) Real-time PCR measuring FosB expression in animals treated with systemic SAHA (25 mg/kg intraperitoneally) followed by cocaine compared with dimethyl sulfoxide (DMSO) controls (n = 5 to 7 in each group). (D) Immunoblots of histone H3 (AcH3) and H4 (AcH4) acetylation after SAHA treatment (n = 3 to 4 in each group). (E) Real-time PCR measuring FosB expression in animals treated with local SAHA (100 mM) infused to the NAc for 7 days followed by cocaine (30 mg/kg) compared with controls (n = 4 to 7 in each group). (F) LTP measurement in mice treated with SAHA (25 mg/kg) followed by cocaine (30 mg/kg). SAHA was given 2 hours before cocaine or saline injections (n = 5 to 6). Field potential amplitudes were measured in the core of the NAc. (G) Histogram summary of time course of SAHA and cocaine effects on LTP. *P < 0.05. mice treated with cocaine alone (control set at 1.0; cocaine alone, 2.8 ± 0.59; SAHA followed by cocaine, 4.8 ± 0.54; *P < 0.05; Fig.  4C ). This effect of SAHA was similar in magnitude to the enhanced FosB expression induced by cocaine when animals were pretreated by nicotine. SAHA alone caused global histone acetylation in the striatum, as did nicotine (*P < 0.05, Fig. 4D ). This result is consistent with our earlier finding that SAHA caused a marked increase in FosB expression when given before an acute cocaine injection compared with the effect of cocaine alone (14) . To be certain that SAHA exerts its effect on gene transcription specifically in the NAc, we infused SAHA (100 mM) locally into the NAc for 7 days and then treated with cocaine (30 mg/kg). Using real-time PCR, we found that a single cocaine injection after local pretreatment with SAHA for 7 days resulted in 142% more FosB mRNA expression than without pretreatment with SAHA ( Fig. 4E ). We next asked whether pretreatment with SAHA substitutes for nicotine in producing an effect on cocaine-induced synaptic plasticity, similar to the effect of nicotine on FosB expression. We administered SAHA (25 mg/kg intraperitoneally) 2 hours before cocaine administration and measured field potential amplitudes in the core of the NAc. SAHA pretreatment fully simulated nicotine pretreatment and induced a greater reduction in LTP in the core of the NAc than did cocaine alone (control, 135 ± 7%; cocaine alone, 109 ± 5%; SAHA followed by cocaine, 81 ± 9%; *P < 0.05), consistent with the idea that the mechanism of action mediating the greater reduction of LTP after chronic nicotine treatment is an increase in histone acetylation in the striatum. Similar to nicotine alone, SAHA alone did not cause a depression in LTP (SAHA alone, 150 ± 10%; P = not significant; Fig. 4 , E and F). The overall effects of SAHA and nicotine were quantitatively and qualitatively similar. SAHA, like nicotine, enhances the behavioral effects of cocaine (26) , but the electrophysiological effects of the drug are unknown. These results support our experimental findings that nicotine inhibits HDACs.
Hypoacetylated chromatin attenuates the response to cocaine
To test further the idea that histone acetylation and deacetylation are key molecular mechanisms for the effect of nicotine on the response to cocaine, we conducted two sets of experiments, one genetic and one pharmacological. To determine the impact of decreased acetylation on the response to cocaine, we first used a genetic approach by studying genetically modified mice with Rubinstein-Taybi syndrome. These mice are in a hypoacetylated state because they lack one functional allele of the HAT CBP. Because SAHA helps restore some of the memory deficits in these mice (12) , we wondered whether nicotine, which acts like SAHA, would restore some of these memory deficits as well. We found that in the control group, CBP haploinsufficient mice showed impaired LTP (Fig. 5, A1 to A4). Similar to CBP +/− saline controls, a single injection of cocaine had no effect on LTP in the mutant mice. By contrast, the wild-type littermates treated with cocaine showed the expected reduction in LTP compared with wild-type saline controls (wild-type control, 135 ± 7%; cocaine, 105 ± 8%; nicotine followed by cocaine, 74 ± 13%; **P < 0.05). Treatment with 7 days of nicotine rescued some of the impaired response to cocaine in CBP haploinsufficient mice, which exhibited a reduction of LTP in response to cocaine (CBP +/− mice control, 112 ± 6%; cocaine, 110 ± 7%; nicotine followed by cocaine, 84 ± 9%; Fig. 5 , A1 to A3). There was no difference in the input-output curve between CBP +/− mice and their wild-type littermates ( Fig. 5A4) .
Using immunoblots, we then examined the level of acetylated histones in the striatum. We found that CBP mutant mice had a 49% reduction in histone H4 acetylation in the striatum compared with wild-type controls (control, 0.71 ± 0.09; CBP +/− mice, 0.35 ± 0.02). After 7 days of nicotine treatment, histone H4 acetylation in the mutant mice increased to values comparable to those in wild-type mice exposed to nicotine (wild-type nicotine, 0.94 ± 0.03; CBP +/− nicotine, 0.93 ± 0.02; P < 0.05 Fig. 5A5) .
We next used a low dose of theophylline, an HDAC stimulator, to achieve a hypoacetylated state by activating HDACs. At low doses, theophylline is a relatively specific HDAC stimulator, binding to allosteric sites on the enzymes (most likely HDAC1 and HDAC3). At higher doses, it has the opposite effect: It is an HDAC and phosphodiesterase inhibitor and an adenosine receptor blocker (27, 28) . After determining the optimal dose for HDAC activation, we used theophylline to achieve a hypoacetylated state. We hypothesized that hypoacetylation would attenuate the action of cocaine in wild-type mice and thereby produce an effect that would be opposite to that of SAHA and nicotine. We first investigated the effect of theophylline on LTP and then on histone acetylation and FosB mRNA expression in the NAc. After treatment with low-dose theophylline (200 mg/liter) for 7 days, there was no difference between the theophylline-treated group and water controls: Both groups showed a comparable increase in LTP. However, the theophylline-treated mice exhibited an attenuated LTP reduction in response to cocaine treatment (30 mg/kg) (controls, 135 ± 8%; theophylline, 140 ± 12%; cocaine, 109 ± 4%; theophylline followed by cocaine, 128 ± 3%; P < 0.05; Fig. 5, B1 and B2 ). Theophylline-treated mice also showed a reduction in levels of acetylated histone H4 (Fig. 5B3 ) specifically in AcH4 (K12) and AcH4 (K16) [control set at 1.0; AcH4 (K12), 0.84 ± 0.04; AcH4 (K16), 0.78 ± 0.09; P < 0.05; Fig. 5B4 ].
To stimulate HDAC selectively in the NAc, we next infused theophylline directly into NAc and examined its effect on FosB transcription. We observed that mice treated locally for 7 days with theophylline (0.2 mM) in the NAc and then injected with cocaine (30 mg/kg) for 2 hours exhibited no increase in FosB mRNA expression in response to cocaine, although cocaine alone increased FosB expression by 176%. Rather, they exhibited the same levels of FosB mRNA in the NAc as did controls (control set at 1.0; theophylline alone, 0.82 ± 0.22; cocaine, 2.76 ± 0.64; theophylline followed by cocaine, 0.66 ± 0.12; P < 0.05; Fig. 5B5 ). These data support the idea that a hypoacetylated histone state, caused either by a genetic mutation or pharmacologically by local HDAC activation, causes a reduction in FosB expression as well as a reduction in the depression of LTP in response to cocaine. By contrast, nicotine decreased HDAC activity, and there-by increased global histone acetylation in the striatum, creating an environment primed for the induction of gene expression. The acetylated chromatin induced by nicotine exposure would then allow greater FosB gene expression in response to cocaine injection than FosB gene expression after cocaine alone. This model is illustrated in Fig. 6 .
The priming effect of nicotine requires concurrent administration of cocaine To investigate further the duration of the priming effect of nicotine, we repeated some of the behavioral, electrophysiological, and gene expression studies but administered cocaine (the dosages for nicotine and cocaine were 10 mg/ml and 30 mg/kg for the biochemical and electrophysiological studies; dosages were 50 mg/ml and 20 mg/kg for behavioral studies) 14 days after stopping 7 days of nicotine treatment (10 or 50 mg/ml). We saw no enhancement of the locomotor effect of cocaine (sensitization) in contrast to the increase in sensitization we observed when we gave nicotine for 7 days before and then concurrently with cocaine (compare Fig. 7A with Fig. 1B ). This pattern was also observed in electrophysiological experiments. The magnitude of LTP in the mice that received cocaine 14 days after cessation of nicotine treatment did not differ from that of LTP in the cocaine alone group (Fig. 7, B and C) . Similarly, the expression of FosB after cocaine administration was the same in mice exposed to nicotine 14 days earlier and in mice without previous nicotine exposure (Fig. 7D) . These findings indicate that the priming effect of nicotine does not occur unless nicotine is given repeatedly and in close conjunction with cocaine.
Animal models suggest predictions that can be tested in human populations
Our results in mice showing that priming of cocaine responses by nicotine requires more than 1 day of treatment plus concurrent exposure to nicotine with the first exposure to cocaine stimulated us to return to human populations and ask two questions. What is the smoking status of cocaine users at the time they start using cocaine? Does the smoking pattern at the time of cocaine initiation affect the likelihood of moving on to regular cocaine use? To address these questions, we reexamined existing data from a small longitudinal cohort of former New York State high school students whom we had followed from ages 15.7 to 34.2 and from whom we had obtained detailed monthly drug use histories (29) . From these data, we identified months of use and non-use of cigarettes and cocaine. Of the cocaine users who initiated cocaine after smoking, 81.2% did so in a month when they were actively smoking and only 18.8% in a month when they were not smoking. Thus, most cocaine users smoked cigarettes before they started using cocaine, and, in addition, they started using cocaine while they were actively smoking cigarettes. Our animal observations suggest that this pattern of cocaine use onset while actively smoking might result in enhanced effects of cocaine and therefore be associated with the highest rates of cocaine dependence.
To examine this hypothesis, we tested the consequences of the sequential order of drug use for using cocaine regularly by analyzing data from the National Epidemiological Study of Alcohol Related Consequences (30), a cohort representative of the U.S. population. We compared the rates of lifetime cocaine dependence among three groups: those who had started to use cocaine after they had started to smoke and before they had stopped smoking, but in whom the smoking status at time of cocaine use onset could not be determined, including a few individuals who had started to use both drugs at the same age; those who had started cocaine use before beginning to smoke; and those who had ever smoked fewer than 100 cigarettes, including none. We found that the rate of cocaine dependence was the highest among cocaine users who initiated cocaine after having smoked cigarettes (20.2%). The rates of dependence were much lower among those who initiated cocaine before smoking (6.3%) or who had ever smoked fewer than 100 cigarettes, including none (10.2%) (P < 0.001).
DISCUSSION
Many drugs of abuse, including heroin, lysergic acid diethylamide (LSD), marijuana, and the two drugs that we have studied here, nicotine and cocaine, exert their addictive effects in part by increasing the amount of dopamine in the ventral striatum (31) . Dopamine leads to the synthesis of cAMP and the activation of extracellular signalregulated kinase/mitogen-activated protein kinase (ERK/MAPK), which activates cAMP-dependent protein kinase (PKA) in the spiny stellate cell (32) (33) (34) . PKA, in turn, phosphorylates CREB, a transcription factor that binds to the CRE-containing promoter of FosB. Upon phosphorylation, CREB recruits CBP, a transcription factor that is also a HAT, which acetylates lysine residues in the N-terminal domains of histone proteins. Acetylation of these lysine residues decreases the positive charges of histones and their binding to DNA and opens up the promoter region. As a result, the promoter becomes more accessible to RNA polymerase, enabling its activity and thereby the transcription of the FosB gene and its splice variant DFosB, which is implicated in addiction. DFosB is characterized by a particularly long half-life, and its accumulation is critical for the establishment of addiction in animal studies. This process, the increase in histone acetylation at the FosB promoter and the facilitation of the FosB mRNA expression, is in turn opposed by the activity of HDACs, which typically restore acetylation to baseline values (13, 15) .
We have found that nicotine by itself induces only a small increase in FosB expression in the striatum. However, nicotine also inhibits HDAC activity, leading to a more widespread acetylation of histones at a larger number of genome locations in the striatum than does cocaine alone, thereby creating an environment that is, in principle, primed for the induction of a number of genes. This ability of nicotine to hyperacetylate chromatin widely by inhibiting HDACs is not shared by cocaine, which causes a more local and transient acetylation. When a second drug of abuse, in this case cocaine, is given to animals after nicotine exposure, the higher histone acetylation levels lead to greater activation of FosB and, likely, other genes.
When we tested this idea further by substituting the HDAC inhibitor SAHA for nicotine, we found that SAHA phenocopied the priming effects of nicotine on FosB expression and LTP. These results suggest a model whereby nicotine exerts it priming effect on cocaine through its inhibition of HDAC and provide a potential molecular explanation for the unidirectional sequence of drug use of nicotine on cocaine observed both in human populations and in our animals. Moreover, we observed the priming effect of nicotine only when cocaine administration partially overlapped with nicotine exposure, suggesting that HDAC inhibition by nicotine depends on continuous nicotine intake. This is consistent with our epidemiological data, which similarly show that, in human populations, most individuals start using cocaine while they are concurrently using nicotine, a state that may enhance the physiological effects of cocaine. These studies raise an interesting question that can now be explored in animal models: Is the hyperacetylation produced by nicotine also a molecular explanation of drug action shared by the two other gateway drugs, alcohol and marijuana? Is there a single mechanism for all gateway sequences or does each sequence use a distinct mechanism?
HDAC activators may be of potential clinical utility in the treatment of addiction because they could decrease FosB expression in response to cocaine. Modifying HDAC activators so that they target the striatum specifically would be particularly desirable because systemic treatments with HDAC activators or HAT inhibitors are likely to have cognitive and other deleterious effects.
Our results showing how nicotine may act as a gateway drug on the brain-an effect likely to occur whether nicotine exposure is from smoked, passive, or nonsmoked forms-emphasize the need for developing more effective public health prevention programs for all products that contain nicotine, especially those targeted toward young people. Our data suggest that effective interventions would not only prevent smoking and its negative health consequences but could also decrease the risk of progression to chronic illicit drug use.
A combined molecular and translational epidemiological approach of the sort we outline here could be used to address a family of questions emerging from human epidemiological research. These include an illumination of how the age of exposure to a particular substance affects developmental outcomes, how prenatal drug exposure influences the behavior and drug-taking propensity of the offspring, and why adolescents are particularly vulnerable to addiction.
